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ABSTRACT
Looking at the orbits of small bodies with large semimajor axes, we are compelled to
see patterns. Some of these patterns are noted as strong indicators of new or hidden
processes in the outer Solar System, others are substantially generated by observational
biases, and still others may be completely overlooked. We can gain insight into the
current and past structure of the outer Solar System through a careful examination
of these orbit patterns. In this chapter, we discuss the implications of the observed
orbital distribution of distant trans-Neptunian objects (TNOs). We start with some
cautions on how observational biases must affect the known set of TNO orbits. Some
of these biases are intrinsic to the process of discovering TNOs, while others can be
reduced or eliminated through careful observational survey design. We discuss some
orbital element correlations that have received considerable attention in the recent
literature. We examine the known TNOs in the context of the gravitational processes
that the known Solar System induces in orbital distributions. We discuss proposed new
elements of the outer Solar System, posited ancient processes, and the types of TNO
orbital element distributions that they predict to exist. We conclude with speculation.
Keywords: Extreme TNOs, Aligned Orbits, Kuiper belt surveys
1. BIASES IN THE DETECTION OF
DISTANT SOLAR SYSTEM OBJECTS
The Kuiper belt is over 4.5 billion km dis-
tant from the Earth-bound observer, with the
most distant trans-Neptunian objects (TNOs)
known being three times further away still. The
Corresponding author: J. J. Kavelaars
JJKavelaars@gmail.com
challenge of detecting objects at these great
distances should not be underestimated. The
Sun’s light reflected of Solar System bodies at a
distance r is dimmed by the factor r−4, greatly
exaggerating our sensitivity to nearby objects
in comparison to more distant objects. The vol-
ume of the Solar neighbourhood that a survey
is sensitive to, its detection volume, is, at mini-
mum, limited in radial extent. The strength of
the r−4 observational bias is frequently under
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appreciated when attempting to interpret the
distributions of objects detected by a particular
survey.
TNOs on orbits with moderate to large ec-
centricities also present a distorted view of the
population. Eccentric TNOs occupy a range
of Solar distances during their orbits, result-
ing in a time-variable r−4 flux bias. A TNO
may only spend a small fraction of its orbital
period within the detection volume of a par-
ticular survey. The larger the semi-major axis,
the larger the eccentricity needed to bring the
object within the detection volume, and the
smaller the fraction of the orbit for which that
object remains in the detection volume.
Limited telescopic resources add another layer
of complexity to the problem of quantifying the
biases inherent in the detected sample of TNOs.
One can only detect objects in the part of the
sky where one looks. This observer direction
bias imposes a relation between the nodal angle
(Ω), argument of pericentre (ω), mean anomaly
(M) and inclination (i) of the orbits that can
be detected. This coupling of multiple angles
can be difficult to conceptualize. For illustra-
tion, consider a discovery survey whose fields
all straddle the ecliptic plane. In those surveys,
orbits that are inclined to the ecliptic plane
with an inclination that exceeds the latitude
sensitivity of the survey will only be detectable
when looking towards their nodes. Combine the
forced detection at the node with the preferen-
tial discovery of objects near their pericentre q,
caused by the r−4 flux bias discussed above, and
such a survey will find that the detected sample
of TNOs on inclined orbits all have arguments
of pericentre ω near 0◦ and 180◦. This effect is
well known, and is described here to remind the
reader of the basic processes at work. When
attempting to maximize the science return of
scarce observing time, observing fields in spe-
cific areas of sky inherently induces biases in
the detected sample, and some of these biases
may be difficult to recognize.
In Figure 1 we present the orbital distribu-
tion of a subset of the trans-Neptunian objects
reported to the Minor Planet Center (MPC) as
of 2018-Oct-15: all TNOs with a > 150 au and
q > 30 au. The vertical line at 1000 au roughly
indicates the more distant phase space where
the effects of Galactic tides and stellar passages
become important (e.g. Kaib & Quinn 2009).
The horizontal dotted curve indicates the zone
below which outward diffusion (chaotic scatter-
ing) from the Kuiper belt is significant. Be-
tween that and the dot-dashed curve indicates
the zone where inward diffusion from the inner
Oort cloud occurs (see Section 3 and Bannister
et al. 2017 for details). Also shown in this fig-
ure is background colour-coding estimating the
size of the intrinsic population that would be
needed to detect an single object on a given
(a, q) orbit, in a survey that also detected one
object with a ∼ 150 au and q ∼ 30 au (as-
suming a size-frequency distribution of TNOs
ΣN = 100.5(H−Ho)). From this figure, we can
see that the present low detection rate in the
q > 60 au, a > 1000 au orbits is only a weak
constraint on the size of that population as our
ability to see into this zone is quite limited. In
order to detect one TNO in this (a,q) range,
a survey that detected one TNO at low-a and
low-q would require a couple hundred times as
many TNOs with obits in the large (a, q) zone.
We would need hundreds of TNO detections in
the low-(a,q) zone just to rule out a uniform
distribution in this phase-space. These num-
bers are in basic agreement with more careful
computation provided elsewhere (e.g. Sheppard
et al. 2019) and are given here to guide the
reader’s understanding of the influence of orbit
and flux bias in the detected sample. An im-
portant consideration is that to use the biases
in Figure 1 to aid in understanding the struc-
ture of the trans-Neptunian region, we need to
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know the full range of orbits, including those
with a < 200 au and q < 40 au, that were de-
tected in a given survey. We can then use the
relative sensitivity to scale between the regions.
Given the sample of TNOs that are publicly
known, one is tempted to pursue mechanisms
to debias the observed sample. Two classes of
approaches are common. In the first, the char-
acteristics of the survey itself are used to de-
termine the efficiency of detections of various
orbits, this approach has been employed in nu-
merous project (e.g. Trujillo et al. 2000; Elliot
et al. 2005; Petit et al. 2011; Adams et al. 2014;
Bannister et al. 2018). A weakness of this ap-
proach is that each project has taken some what
different approaches to documenting their char-
acterization and this makes combining datasets,
to enhance statistical power, difficult. Recently
Brown (2017), and continuing in Brown & Baty-
gin (2019), have implemented procedures that
attempt to ‘self characterize’ the detection bi-
ases present in the Minor Planet Centre re-
ported sample of KBOs. This approach has
the advantage that it combines together a larger
dataset but has some disadvantages also.
Using the public catalog to attempt to debias
the detected sample makes at least two implicit
assumptions that are not true: that the sky cov-
erage of a survey is well represented by the de-
tections in that survey and that all objects de-
tected by a survey are report.
Using the public catalog provides no capacity
to know where surveys did not detect objects.
As an example, consider the Canada France
Ecliptic Plane Survey High Latitude Compo-
nent (Petit et al. 2017). CFEPS-HiLat imaged
700 square degrees of sky searching for TNOs
on high-inclination orbits but only reported the
detection of 24 objects. This survey provides
constraints on the number of objects that can
be on highly inclined orbits, a constraint that
is not visible if one uses the known objects as
probes of the locations of sky that have been
surveyed.
An additional weakness is that the use of the
detected sample to determine the characteriza-
tion assumes that there is no reporting bias (ie.
all objects detected are tracked and reported),
but this is known to not be the case. Some
projects are forced, by the nature of resource
restrictions, to only report and track a selected
sample of their detections (such as only report-
ing the detection of objects beyond some defined
distance from the observer, (e.g Sheppard et al.
2019) ), such reporting bias is impossible to de-
termine from the detected sample and can lead
to significant misinterpretation.
The desire for a statistically useful sample can
now, largely, be achieved by using the sample
provided by the ‘OSSOS Ensemble’ (Bannister
et al. 2018) which includes orbits and detec-
tion circumstances for 1086 Kuiper belt objects,
about 40% of the currently known population of
KBOs observed at 2 or more oppositions.
One point that is worth noting is the lack
of detections in the region shown by the red
hatched box in Figure 1. The hatched box re-
gion is devoid of known TNOs — however, our
sensitivity to orbits in this zone is similar to
that in other zones, where in contrast a num-
ber of detections exist. This may indicate that
this zone is, indeed, relatively under-populated,
an important point in constraining the dynam-
ics of this region of the Solar System. Or this
may be a region of phase space where surveys
searching for distant TNOs have simply culled
their detections in an effort to concentrate re-
sources on tracking the large peri-centres, dis-
tant, members. The apparent paucity of orbits
in this zone has been noted previously (e.g. Tru-
jillo & Sheppard 2014; Bannister et al. 2018),
and is discussed further in Section 2.
2. POTENTIAL MECHANISMS FORMING
THE ORBITS OF HIGH-PERICENTRE
TNOS
4 Kavelaars et al.
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Figure 1. Orbital distribution of known TNOs with observed arcs longer than 10 months in the MPC
Database as of October 2018, on orbits with a > 150 au and q > 30 au in a-q (blue dots); a few extremes are
noted by name, uncertainty in orbital parameters extracted from orbfit (Bernstein & Khushalani 2000). The
background grid of coloured boxes indicates the population of TNOs needed in each (a, q) bin for detection
of that orbit to have similar probability if there is a single object in the a = 150, q = 30 bin; see text for
details. Horizontal curves approximate the boundary below which inward diffusion from a > 1000 au is
significant (dot-dash line; Bannister et al. 2017), and the boundary below which outward diffusion (chaotic
scattering) in a is significant (dotted line). The thick dashed vertical line roughly indicates where Galactic
tides become a notable long-term influence on the percentres of orbits. The red hatched box indicates a
region of (a, q) orbits that currently has no TNO detections, though detectability is actually easier here
than for the two known highest-q TNOs, Sedna and VP113.
In recent literature, there has been much dis-
cussion of the handful of known large-a, high-
q so-called “extreme TNOs,” which are de-
fined with a variety of orbital selection criteria1,
1 We note that definitions that make use of orbital el-
ements for such orbits must use the barycentric not the
sometimes as having orbits with a > 250 au (al-
heliocentric orbit, due to the long-term effect of Jupiter
on these distant orbits. However, heliocentric orbital el-
ements are what is provided by the most frequently used
databases of orbits, the Minor Planet Center Database
and JPL Horizons. Uncertainties in the orbit fit to the
measured TNO astrometry should also be considered.
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ternatively sometimes a > 150 au) and perihe-
lia detached from active interaction with Nep-
tune of q & 37 au (e.g. Kiss et al. 2013; Shep-
pard et al. 2016; de la Fuente Marcos & de la
Fuente Marcos 2016; Shankman et al. 2017b;
Bannister et al. 2017; Becker et al. 2018). This
definition is vague, reflecting the current lack
of understanding of the population, and may
not necessarily be dynamically distinguishing.
Batygin et al. (2019) provide a lengthy review
of the ‘Planet 9’ hypothesis and provide some
dynamical considerations on where the bound-
ary should be drawn when considering dynamics
that could be induced by a large external planet.
They draw the boundaries at q > 30 au and
a > 250 au. As of October 2018, 17 TNOs with
multi-opposition orbits reported in the Minor
Planet Center database have 150 < a < 1000 au
with q > 37 au, mostly with pericentres in
the range 37 < q < 50 au. Two of these
TNOs have much larger pericentre distances,
with q > 75 au: Sedna (q = 76.19 ± 0.03 au,
a = 507 ± 10 au; Brown et al. 2004) and
2012 VP113 (q = 80.3
+1.2
−1.6 au, a = 266
+26
−17 au;
Trujillo & Sheppard 2014)2.
It has been long recognized that the orbital
distribution of TNOs can be used to under-
stand the past dynamical history of the So-
lar System, particularly the outer giant plan-
ets (e.g. Malhotra 1993; Levison et al. 2008).
See Nesvorny´ (2018) for a recent review of this
topic. The basic origin scenario is that TNOs
formed in a dynamically cold disk of planetes-
imals, which was largely disrupted when Nep-
tune migrated, placing TNOs into classes based
on orbits that display unique dynamical be-
haviours (see Gladman et al. 2008). High-q
TNOs with a < 1000 au are difficult to ex-
plain in this framework: they never approach
Neptune closely enough to receive the strong
dynamical kicks needed to change their orbits,
2 Barycentric orbits after Bannister et al. (2017).
their large eccentricities preclude in-situ forma-
tion, and their orbits are not large enough to be
affected significantly by Galactic tides.
In a sign of a vigorously active area of theo-
retical investigation, the high-pericentre TNOs
have recently spawned a flurry of studies to
explain these dynamically interesting orbits.
While attention has focused on the hypothesis
that an undiscovered distant giant planet can
be used to explain properties of large-a, high-q
orbits (see Batygin et al. 2019, for a recent re-
view). While the Planet 9 hypothesis provides a
compelling explanation for various orbital char-
acteristics, a planet presently orbiting in the
distant Solar System is by no means the only
theory being advanced. We highlight several
proposed classes of theories that can raise TNO
orbital pericentres.
Simulations that include perturbations by
passing stars at various times in Solar System
history produce high-pericentre TNOs on large-
a orbits. Stellar perturbations have been con-
sidered to raise perihelia of native TNOs while
the Sun is still in the denser stellar environment
of its birth cluster with lower relative velocities
(Ferna´ndez & Brunini 2000; Kenyon & Bromley
2004; Morbidelli & Levison 2004; Brasser et al.
2006; Kaib & Quinn 2008; Brasser et al. 2012;
Brasser & Schwamb 2015; Pfalzner et al. 2018),
by field stars during the Sun’s post-cluster or-
bits of the Galaxy, and possible radial migration
(Kaib et al. 2011). Certain geometries of stel-
lar flyby may permit capture of TNOs from
passing star systems (Kenyon & Bromley 2004;
Morbidelli & Levison 2004; J´ılkova´ et al. 2015;
see also Levison et al. 2010 for Oort comet cap-
ture). All these simulations have many degrees
of freedom related to the stellar mass, and the
distance and geometry of a flyby, which require
an abundance of known high-q TNOs to well
confine their possible parameter space.
An intriguing new theoretical mechanism is
being explored by simulations that take into
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account the self-gravitational influence of great
densities of small TNOs. Madigan & McCourt
(2016) have shown an “inclination instability”
within a massive planetesimal disk can produce
high-q orbits. A disk that begins as axisymmet-
ric eccentric orbits like that of the scattering
disk will increase in inclination while lowering
its orbital eccentricities, forming an asymmet-
ric cone (Madigan et al. 2018). The inclina-
tion instability effect requires substantial mass
in planetesimals in the distant Solar System for
it to initiate; Madigan et al. (2018) infer about
half an Earth mass at hundreds of au. Sefil-
ian & Touma (2019) have further explored this
mechanism and find that a massive disk would
induce clustering in orbital angles and argue
that massive disk may be more likely than ex-
pected as such disks are common around other
stars. Batygin et al. (2019), however, expect
that such a massive disk unlikely to have re-
mained in place for the age of Solar System,
making this explanation of clustering unlikely
to be correct. Bounds on the size distribution
of distant TNOs and thus the mass at large a
remain limited, but will constrain this theory
tightly in the future.
Two mechanisms can produce many high-q
TNOs solely from the known planets of the So-
lar System. First, chaotic diffusion in semi-
major axis caused by weak gravitational kicks
from Neptune can cause minor planets to mi-
grate from the inner Oort cloud to large-a,
high-q TNO orbits (Duncan et al. 1987; Kaib
et al. 2009; Bannister et al. 2017); we discuss
this further in Section 3. Second, high-q or-
bits may be produced during Neptune’s mi-
gration. TNOs that are captured into Nep-
tune’s mean-motion resonances (MMR) expe-
rience Kozai oscillations inside the MMR. As
Neptune migrates outwards, they may drop out
of the resonance at high-q, where the resonance
is narrower. The TNO is then “fossilized” on
a dynamically detached, long-term stable or-
bit (Gomes 2003). Several non-resonant, sta-
ble TNOs have been discovered on high-q or-
bits near strong resonances, lending observa-
tional support to this theory (Pike et al. 2015;
Lawler et al. 2018c). Including dwarf planets
in migration simulations (cf. “grainy” migra-
tion; Nesvorny´ & Vokrouhlicky´ 2016), as re-
quired from the size distribution of the initial
disk, is a recent refinement that is still being ex-
plored, but appears important. Grainy simula-
tions show that the mode and timescale of Nep-
tune’s migration affects the distribution of these
high-q resonant dropouts (Nesvorny´ et al. 2016;
Kaib & Sheppard 2016). While simulations of
scattering TNO capture into MMRs show that
this can be effective for raising pericentres as
high as q & 70 au, this can only happen for
scattering TNOs that already have large inclina-
tions prior to resonant capture (Gallardo et al.
2012), and while grainy migration can modify
the inclination distribution (Mun˜oz-Gutie´rrez
et al. 2018) it may not be sufficient and so
this may not be the emplacement mechanism
for Sedna and VP113 at i < 25
◦, despite their
locations near low-order, distant resonances.
A separate class of hypotheses invokes planetary-
mass bodies to raise pericentres. The possible
presence of an undiscovered massive distant
planet has been discussed extensively in the
literature from the early days of Kuiper Belt
discoveries to the present (Gladman et al. 2002;
Brown et al. 2004; Gladman 2005a; Lykawka &
Mukai 2008; Soares & Gomes 2013; Trujillo &
Sheppard 2014). Many recent simulations have
shown that a distant massive planet would be
quite effective at raising the pericentres of large-
a TNOs (Batygin & Brown 2016; Shankman
et al. 2017a; Lawler et al. 2017; Li et al. 2018,
see Figure 2). However, other aspects of the
observed Kuiper Belt are solidly inconsistent
with this particular planetary scenario (Lawler
et al. 2017; Shankman et al. 2017a,b; Nesvorny´
et al. 2017). Simulations that include one or
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more “rogue planets”, with masses similar to
Mars or Earth that are ejected after orbiting
in the Kuiper Belt region for a few hundred
million years, are also very successful at lifting
pericentres for large-a TNOs (Gladman & Chan
2006; Silsbee & Tremaine 2018).
Figure 2 shows the TNO orbits resulting from
a rogue planet simulation where a 2 Earth mass
planet started at a = 35 au and q = 30 au, and
was ejected by interactions with the giant plan-
ets after 200 Myr (from Gladman & Chan 2006).
The TNO test particles are then integrated for
1 Gyr in the presence of the four giant planets,
resulting in the distribution shown (the cluster-
ing results from cloning of particles, prior to the
1 Gyr simulation). Also shown for comparison
in Figure 2 is a TNO emplacement simulation
from Lawler et al. (2017) that includes an eccen-
tric distant planet. For comparison, the same
real TNOs are plotted as in Figure 1. We note
that this is provided as an indicative rather than
a fully quantitative comparison, as survey char-
acterizations do not exist for all of the discovery
surveys of this ensemble of known TNOs, and
thus cannot be applied to appropriately bias
the simulation outcomes. While both the rogue
planet model and distant giant planet model
manage to produce TNOs at very high pericen-
tre distances, even higher q than 2012 VP113 and
Sedna, both models also produce many TNOs
inside the red hatched box, which contains zero
real TNO detections to date. The TNO distri-
bution produced by either of these models pre-
dicts that there should be more easily detectable
TNOs inside the red box, and it is unlikely that
the highest-q TNOs would be detected without
any TNOs detected in the 50 au < q < 70 au
range. With either of these models, 2012 VP113
and Sedna remain hard-to-explain outliers.
All of these hypotheses for lifting pericentres
of distant TNOs have associated simulations
modelling a small-body population, produced
with many degrees of freedom. The critical test
for each hypothesis is how well it reproduces
the observed TNO population. Several of these
models are currently providing population out-
comes at the level of detail necessary for test-
ing against the observed TNO population (cf.
Figure 2); others are still maturing toward that
critical point.
3. DIFFUSION AND MOTION OF LARGE
SEMI-MAJOR AXES ORBITS
The nuanced effects of gravitational pertur-
bation from the planets extend over remarkably
wide spatial scales and timescales for large semi-
major axes orbits, in ways not seen in the inner
Solar System. As initially suggested by Duncan
et al. (1987), each distant encounter of Neptune
by a TNO on a near-parabolic a & 100 au or-
bit with a perihelion exterior to Neptune will
produce an energy change in the TNO’s or-
bit, even for high-q orbits. The effect of the
energy change at each perihelion passage is a
change in the size of the orbit’s semimajor axis,
while the orbit’s perihelion stays constant. The
weak kicks by Neptune at the TNO’s perihelion
change its orbital a on a timescale ∝ a−1/2. As
the semimajor axis changes can be modelled as
a random walk, with the orbit either becoming
larger or decreasing in size with each passage,
this change in orbital dimensions for large-a de-
tached TNOs is an example of dynamical diffu-
sion. It is an effect that occurs purely under the
gravitational influence of the known planets.
Bannister et al. (2017) showed that diffusion is
a substantive effect over Gyr for the large-a de-
tached (high-q) TNO orbits. This investigation
was prompted by the discovery of 2013 SY99 in
the course of the OSSOS survey, on an orbit
with q = 50.0 au, a = 733 ± 42 au (noted on
Figure 1). Perihelia passages for orbits as large
and distant as SY99’s are only every 20 kyr,
thus the energy walk is slow and requires the
passage of Gyr to show changes in orbital semi-
major axis. The semimajor axis of SY99 can
change by a factor of two over the age of the
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Figure 2. Orbital distribution of simulated TNOs resulting from the rogue planet simulation in Gladman
& Chan (2006), cloned and integrated for an additional Gyr (small black points), and simulated TNOs
resulting from an emplacement simulation of Lawler et al. (2017) including an eccentric distant giant planet
(green squares). As in Figure 1, large blue dots show real TNOs and the red hatched box indicates the
region of (a, q) orbits yet without real TNO detections. Both the rogue planet model and the additional
planet model are able to produce TNOs with very high q values, even higher than 2012 VP113 and Sedna,
and both models also produce TNOs inside the hatched box. If either of these models represents reality,
Figure 1 shows that it is very unlikely that there would be zero detections of TNOs inside the box, due to
the greater detectability of TNOs in that box as compared with 2012 VP113 and Sedna.
Solar System, due to the semimajor axis diffu-
sion of 100 au or more that it experiences on
Gyr timescales — despite being fully 20 au sep-
arate at perihelia passages with Neptune’s orbit.
There were hints of the presence of diffusion in
earlier studies of large TNO orbits: Gladman
et al. (2002) found diffusive chaos when exam-
ining the orbit of 2001 CR105 (the first known
member of the extreme orbit group), Sheppard
& Trujillo (2016) noted semimajor axis mobil-
ity in the orbit of their discovery 2013 FT28
(q = 43.47 ± 0.08 au, a = 295 ± 7 au), while
Gallardo et al. (2012) and Brasser & Schwamb
(2015) saw diffusion in their modelling of sub-
samples of extreme TNO orbital phase space.
Integrations of the then-known 45 < q < 50 au
TNOs, with 180 < a < 300 au, in the presence
of the giant planets showed that they exhibit
On the orbit distribution of distant TNOs 9
diffusive semimajor axis behaviour (Bannister
et al. 2017). Like Sedna and 2012 VP113, these
orbits are within the placid a . 1000 au region
where they are isolated from the Gyr-timescale
influence of perturbations by the Galactic tide
(e.g Brasser & Schwamb 2015).
The evaluation of the largest minor planet or-
bits cannot take place in isolation. Orbits at
several thousand au start to experience the ef-
fects of the Galactic tide, in the inner fringe
of the Oort cloud (Dones et al. 2004). The
population density of the a ∼ 2000 au inner
Oort cloud region is presently largely mysteri-
ous. Long-period comets are sourced from sev-
eral tens of thousands of au, where the influ-
ence of the Galactic tide is dominant (e.g. Dones
et al. 2004; Vokrouhlicky´ et al. 2019). The apoc-
entres of scattering disk member orbits can ex-
tend into the inner Oort region, such as that of
2014 FE72 (q = 36.3±0.1 au, a = 1505±540 au3;
noted in Figure 1; Sheppard & Trujillo 2016).
While other scattering members have more sig-
nificant evolution of their orbits, like that of
2006 SQ372 (q = 24.2 au, a = 796 au; Kaib
et al. 2009), while still spending some fraction
of their orbit in the inner Oort region.
Such large-a scattering orbits as FE72 provide
a conceptual link between the scattering disk
and the inner Oort cloud, both past and present.
The emplacement of the scattering disk and its
subsequent decay under encounters with Nep-
tune require many millions of minor planets to
have been placed on exceptionally large-a orbits
(Gladman 2005b; Levison et al. 2006).
The combination of the existence of diffusion
in so many of the large-a, high-q TNOs and the
way in which the scattering disk overlaps with
the inner Oort cloud led Bannister et al. (2017)
to the proposal of a mechanism for populating
3 heliocentric JPL Horizons elements from a 1511 day
arc, computed 2018-Jun-11.
this region, which follows entirely from known
physics and the existence of the known planets:
An object scatters outward in the
initial emplacement of the scatter-
ing disk, pushing the orbital semi-
major axis into the inner fringe of
the Oort cloud. At a semimajor axis
of a thousand or more au, Galac-
tic tides couple and torque out the
orbit’s perihelion. Once an object
is orbiting with q = 50 au and
a ∼ 1000 − 2000 au, it diffuses to
a lower-a orbit via planetary energy
kicks. A reservoir population of ob-
jects must then exist that cycles un-
der diffusion with q = 40−50 au and
a ∼ 1000− 2500 au.
The scattering-to-diffusion scenario made a pre-
diction for future large-a discoveries:
Our scenario for forming 2013
SY99’s orbit does show that for
an inner Oort cloud object with q
lifted to & 55 au, diffusion will be
too weak to retract the semimajor
axis. Thus, future discoveries with
q ∼ 60 au should have a & 1000 au.
The next year, Sheppard et al. (2019) reported
the discovery of the first TNO with perihe-
lion intermediate between SY99 and the two
very high-q TNOs (Sedna and VP113): 2015
TG387 has q = 65 ± 1 au. This TNO has
a = 1190± 70 au (Sheppard et al. 2019), in line
with the scattering-to-diffusion scenario. Un-
der the scenario outlined above, its orbit is fos-
silized. Sheppard et al. (2019) show that in
the configuration of the known Solar System,
TG387’s orbit is presently stable, with Galactic
tides cycling q on very long (Gyr) timescales.
Potentially, orbits like TG387’s could return to
the more actively diffusing part of the proposed
cycling population. If stellar flybys are also
modelled, TG387’s orbit can have its perihelion
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driven to lower values of q ∼ 50 − 55 au by
the combination of tidal and stellar perturba-
tions. In this case, TG387’s orbit becomes more
actively altering, diffusing in a on order of a
hundred au or more (Sheppard et al. 2019).
The scattering-to-diffusion scenario has an in-
herent limit to the most distant perihelion orbit
it can explain: the kicks from Neptune that per-
mit diffusion to a lower semimajor axis eventu-
ally become too weak. Thus, diffusion does not
explain the q ∼ 80 au orbits of VP113 and Sedna.
However, it provides an interesting possibility
that explains well the orbits of the remainder of
the currently known large-a high-q TNOs in the
Solar System as we know it.
4. DYNAMICAL EFFECTS EXPECTED TO
BE IMPRINTED ON THE DISTANT
KUIPER BELT BY THE PRESENCE OF
AN ADDITIONAL MASSIVE PLANET
In this section, we discuss the results of pub-
lished n-body simulations that take into account
the strong pericentre-raising effects of an addi-
tional distant planet (e.g. Lawler et al. 2017).
The presence or absence of a massive, distant
planet results in very different orbital distribu-
tions for large-a TNOs. It was originally pro-
posed by Trujillo & Sheppard (2014) that an
apparent clustering in ω for the six known high-
q TNOs at the time could be explained by an
undiscovered planet in the distant Solar System.
This theory was expanded on by Batygin &
Brown (2016), who proposed that certain orbits
for this distant planet will cause large-a, high-
q TNOs to have their orbits physically aligned,
so the longitude of the ascending node ω, the
argument of pericentre Ω, and the longitude of
pericentre $ (where $ = Ω+ω) will remain con-
fined for all time. As more high-q TNOs have
been discovered, the statistical strength of clus-
tering in all of these orbital angles has grown
weaker; through modifications to which orbital
a/q cuts are applied, some continue to argue
(e.g. Brown & Batygin 2019) that a clustering
signal remains in one or more orbital angles.
Other simulations have highlighted dynamical
effects that a massive distant planet would have
on this detached TNO population that were not
highlighted in the initial published theories (e.g.
Shankman et al. 2017a).
Lawler et al. (2017) used n-body simulations
to create a Kuiper belt analogue in the presence
of a distant massive planet and the four known
giant planets, focusing on realistically creating
the scattering TNOs using the method of Kaib
et al. (2011), including Galactic tides and stel-
lar flybys. These simulations also demonstrated
that a distant massive planet will take an ini-
tially dynamically cold distribution of TNOs
and raise pericentres and inclinations on Gyr
timescales while creating the scattering disk.
The resulting TNO distributions from these
5-planet emplacement simulations were then
compared with a control simulation that in-
cluded just the known planets (Kaib et al.
2011), which have been shown to reproduce the
orbital properties of the scattering TNOs at all
a (Shankman et al. 2013; Lawler et al. 2018b).
The 5-planet simulations easily produce a large
population of high-q TNOs, but simultaneously
produce a wide distribution of inclinations, in-
cluding a large fraction of retrograde scattering
and detached TNOs. Although substantive in
size, Lawler et al. (2017) conclude that such or-
bits would not be strongly detectable in current
surveys.
Shankman et al. (2017a) showed that the
same inclination-raising mechanism will cause
all (then) known high-q TNOs to flip to retro-
grade inclinations on Gyr timescales, thus there
should be a nearly equal number of retrograde
as prograde high-q TNOs. They also showed
that with such a broad inclination distribution,
the detection of just one of these objects, Sedna,
requires a massive number of TNOs on similar a
and q orbits spread over a range of inclination,
implying a total mass of order tens of Earth
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masses on such obits. Batygin et al. (2019) also
discuss this effect and find it provides a rea-
sonable explanation for known highly inclined
TNOs but do not provide detectable popula-
tion estimates as these would be highly depen-
dent on particulars of the model and not well
constrained by current observations. Li et al.
(2018) showed inclination flipping will continue
to occur for a moderate-eccentricity (e & 0.4)
and near-coplanar distant planet, in a similar
mechanism to the near-coplanar flip induced
in a hierarchical three-body system (Li et al.
2014). Dynamical simulations of the newly
discovered high-q TNO described in Sheppard
et al. (2019), 2015 TG387, agree with the exis-
tence of inclination-flipping; a large fraction of
clones of 2015 TG387 in simulations that include
a distant giant planet flip to retrograde orbits
on Gyr timescales.
While observational constraints on a large ret-
rograde population are currently weak due to
their large predicted distances (Lawler et al.
2017, 2018a), these simulations imply that if
there is a giant distant planet, the inclination
distribution of high-q, large-a TNOs should be
nearly isotropic (though Li et al. 2018 find some
substructure will occur for a . 300 au). As yet,
there remains little evidence of such a dynami-
cally hot inclination distribution. The highest-q
known TNOs both have i < 25◦. Promisingly,
the highest-i TNO yet known, 2015 BP519 has
i = 54◦; however, it is on an orbit actively in-
teracting with Neptune (q = 35.25 ± 0.08 au,
a = 449.0 ± 0.5 au; Becker et al. 2018). Ad-
ditionally, the masses required for detection of
even one high-q isotropic TNO are worryingly
high (Shankman et al. 2017a).
An additional giant planet is one possible way
to explain the orbits of high-q TNOs, but some
of the other effects it would have on the orbits of
TNOs do not appear to agree with observations.
The science driver behind this latest cycle of
additional giant planet simulations was initially
proposed was to explain the apparent simulta-
neous clustering of the three orbital angles (Ω,
ω, $) of these high-q TNOs, and here we must
discuss the complicated and unintuitive biases
that are introduced by surveys of this observa-
tionally challenging TNO population.
5. DETECTABILITY OF ORBITAL
EFFECTS
All observational surveys contain biases. By
understanding and carefully keeping track of as
many biases as possible, one can understand
which types of detections (in this case, which
types of orbits) were most unlikely in a sur-
vey, and thus which classes of objects represent
larger populations than a survey’s raw number
of detections naively suggest. Accounting for
the fraction of time that a given TNO is visi-
ble on its orbit and the survey’s sky coverage
are the biggest effects, and attempts have been
made to quantify and account for biases in sev-
eral TNO surveys at this level (e.g. Schwamb
et al. 2010; Adams et al. 2014).
The OSSOS Ensemble of surveys (Petit et al.
2011; Alexandersen et al. 2016; Petit et al. 2017;
Bannister et al. 2018) was specifically designed
with bias characterization as a top priority,
resulting in Survey Simulator software (Petit
et al. 2018) that allows TNO orbital distribution
models to be forward-biased by all the charac-
teristics of the survey, including sky pointing for
each survey block, magnitude limits, detection
efficiencies and chip gaps. The OSSOS Ensem-
ble of surveys also took great pains to track ev-
ery single TNO that was detected, using careful
orbital measurements over 5 months in each dis-
covery year and recovery over > 3 oppositions
(Bannister et al. 2018), so there is no bias in
orbit type, unlike other surveys which preferen-
tially do not track low-q TNOs, or have a high
rate of lost TNOs. Because of this, TNOs that
were detected as part of the OSSOS Ensemble
can be analyzed statistically, and a degree of
de-biasing can be achieved for each subpopula-
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tion, measuring orbital properties and size dis-
tributions (Lawler et al. 2018a). The informa-
tion needed to perform analysis using the OS-
SOS Ensemble is freely available (see Bannister
et al. 2018) and given that this sample repre-
sents about 40% of the currently known TNOs
with reliable orbits, the reader is encouraged to
consider this particular sample in examinations
of the TNO orbital structure.
5.1. Biases in the angle of pericentre detection
in the large-q large-a TNO sample
Much has been made of the alignment of the
pericentre angles of large-a TNOs. When all of
the high-q TNOs detected in the OSSOS En-
semble are analyzed separately from all other
known high-q TNOs, the distribution of orbital
angles ω, Ω, and $ are consistent with a uni-
form distribution (Shankman et al. 2017b; Ban-
nister et al. 2018) Brown & Batygin (2019) ex-
amine the OSSOS Ensemble along, using the
characterization information provided with the
sample, and also find that, while the sample
is not inconsistent with alignment, the sample
does not require to be drawn from an aligned
distribution. To restate this a different way,
when a uniform distribution of high-q, large-a
orbits is forward-biased by the OSSOS survey
pointings and detection efficiencies, it produces
sets of high-q, large-a simulated detections that
are statistically indistinguishable from the real
survey detections. The high-q, large-a TNOs
detected by the OSSOS ensemble of surveys
show no evidence for orbital clustering in any
of the three orbital angles (Ω, ω, $).
Many of the high-q, large-a TNOs discovered
to date are from surveys that have not yet re-
ported their pointing history or tracking frac-
tion, so one cannot statistically test the popula-
tions in the same way as the OSSOS detections,
but we can make some assumptions about tele-
scope pointing in order to test the biases that
are likely present in some of these surveys. In
Figure 3 we present the current sample of such
orbits (as of 2018-Oct-1) to allow some exami-
nation of that sample. The figure presents the
sample of 6 high-q TNO orbits that created the
original speculation (red points), the next six
TNOs detected (grey points), and the most re-
cently discovered TNOs in blue. The feature
that originally drew the attention of Trujillo &
Sheppard (2014) was the detection of objects
with ω near 0◦ and a complete lack of detections
with ω near 180◦. Flux bias in the detected sam-
ple causes most detections to be of TNOs near
the pericentres of their orbits (i.e. with mean
anomaly M near 0◦ = 360◦). This is coupled
with the habit of conducting TNO searches in
fields that predominantly straddle the sky loca-
tion of the ecliptic plane, which forces most dis-
covered TNO orbits to have ω near 0◦ and 180◦
(as described in Section 1). Although the pref-
erence for angles near ω = 0◦ is clearly present
in the early sample, there were no detections
found near ω = 180◦, which is a puzzling fea-
ture of the sample.
In Figure 3 we also give, on a grid of (ω, Ω)
values, the relative number of detections one
might expect at the given Ω and ω values when
drawing from a sample that is uniformly dis-
tributed but with a, q, and i sampled from the
known TNOs. For simplicity, we assume a flux-
limited survey focusing on fields south of the
ecliptic and observing in September, October,
November and February and March (when the
best weather conditions occur in the mountains
of Chile). From the grid of numbers we can see
that there are parts of the (Ω, ω) space where
these orbits are much more strongly detectable
than others.
This hypothetical survey is examined as a
thought experiment to alert the reader to the
complexity of the bias interactions. The (Ω, ω)
alignment first reported is now largely washed
out by the increased sample size (see blue points
in Figure 3), but there continues to be a paucity
of detections near ω = 180◦. Without detailed
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Figure 3. Dots show distribution of known TNOs (observed arcs longer than 10 months) with a > 150 au
and q > 30 au in (Ω, ω). Red dots indicate the first six such known TNOs, grey dots the next six, and
the blue dots the most recently discovered TNOs. The lack of objects with values of ω near 180◦ is not an
easy bias to disentangle. The grid of coloured boxes indicates the number of objects a mock survey would
have detected on a grid of Ω, ω values, sampled from the measured a, q, and i elements of known TNOs,
simulating a southern hemisphere survey. The most detectable area of (Ω, ω)-space (darkest purple squares)
occurs where most of the first known high-q TNOs are.
knowledge of the pointing history and careful
measuring of a survey’s detection and tracking
efficiency through the various seasons of obser-
vations, interpretation of Figure 3 is problem-
atic at best. Regardless of the distribution’s
physical reality, there are as yet no described
dynamical processes that keep ω values away
from 180◦, and accepting that the ω distribu-
tion is most likely due to observational biases is
the only supportable explanation.
Subsequent to the claim of an alignment of ω
values, possible alignment in the longitude of
pericentre ($ = Ω + ω) has become a popu-
lar point of discourse, the appeal being that
one can conceive of physical processes that
might align the values of $ (e.g. Batygin &
Brown 2016), making this a plausibly physi-
cal structure. However, one must consider that
the observationally biased alignment that ex-
ists within the raw detected distribution of ω
values propagates forward into a clustering $,
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as the values of Ω are not uncorrelated, and
$ is defined as the sum of the two angles Ω
and ω (see Figure 3). Thus, although there are
good proposed physical mechanisms to cause a
clustering or alignment of $, the clustering of
the observed values of $ is contaminated by
the same observational biases discussed in the
previous paragraph.
6. SUMMARY AND CONCLUSIONS
There are several dynamical effects under ac-
tive theoretical development to explain the ob-
served high-q TNOs. The newest announced
high-q TNO, 2015 TG387, perfectly falls into
the (a,q) range predicted to be affected by
chaotic diffusion as described in Bannister et al.
(2017). Among the less-explored dynamical
mechanisms, rogue planets appear to create dis-
tributions of high-q TNOs that match observa-
tions reasonably well (Lawler et al. 2018a; Sils-
bee & Tremaine 2018). Precursor simulations
like that of Gladman & Chan (2006) should be
revisited in light of the new high-q TNO dis-
coveries to date. These types of simulations
produce Sedna-like TNOs without a substantial
retrograde TNO population at large a. Raising
perihelia to the values of the highest-q TNOs,
Sedna and VP113, remains a challenge to sev-
eral of the other proposed mechanisms, though
stellar flybys remain a promising route. Rogue
planet models, however, fail to provide a hole
in the peri-centre distribution as appears to be
present in the detected sample. Indeed, the au-
thors are not aware of any models that repro-
duce this feature.
While a distant massive planet is effective at
raising pericentres, it also substantially raises
inclinations, and current surveys have not yet
reported abundant high-i TNOs. The authors
of this chapter have already reported some of
the problematic orbital evolution effects that
an additional massive planet in the outer Solar
System would create. In those works we found
that the alignment of orbits caused by a mas-
sive external planet are not particularly strong
(Shankman et al. 2017b) and the signature of
such an alignment would be difficult to detect
in the current sample of known TNOs (Lawler
et al. 2017). Thus, our expectation is that at
present there is not strong evidence of a mas-
sive external perturber.
The lack of TNO detections inside the red box
in Figures 1 and 2, however, provides an in-
triguing possibility. We may be able to exclude
the existence of such a planet with present pub-
lished TNO datasets. There are no TNOs re-
ported with pericentres between 50 au and 75 au
and semi-major axis interior to 1000 au. Indeed,
other authors have already remarked on the ab-
sence of such orbits (e.g. Trujillo & Sheppard
2014; Bannister et al. 2017). Recall that in Fig-
ure 1 the grid of coloured boxes provides some
measure of the inverse probability of detection
of particular orbits, given a survey. A survey
that might have detected a TNO at a ∼ 500 au
and q ∼ 75 au is actually more likely to have de-
tected objects with similar a but smaller values
of q. The same is true of the other q > 75 au
detections: the lower-q but similar a detections
are always more likely. Thus, the lack of detec-
tions in the 50 < q < 75 au range may be indi-
cating that there really is an absence of TNOs
on orbits in this range. This strongly contra-
dicts models of orbital evolution that include
an additional planet, as the gravitational ac-
tion of such an object would cause TNOs to
be distributed across a range of q values at any
given moment (Figure 2; Shankman et al. 2017a;
Lawler et al. 2017). Thus, if the lack of objects
in the 50 au < q < 70 au range is real, the
hypothesized external planet can be excluded.4
In most physical situations, multiple effects are
in play at any given point in time. Perhaps we
4 There may be some very specialized orbital configu-
rations of a distant planet that preserve the emptiness of
this q zone. As of this writing, none have been proposed.
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should be cautious of requiring reduction to a
single mechanism to produce all the complexity
of the distant TNO populations across the Solar
System’s history.
The authors thank Brett Gladman (UBC) for
useful discussions during the preparation of this
manuscript.
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